A state of the art CFD analysis (OVERFLOW 2.1y) has been coupled to an industry standard ice accretion analysis (LEWICE3D) and grid generator (Chimera Grid Tools) so that temporal growth of ice over 2D airfoils may be computed in a robust automated fashion. Results are presented for a SC1095 airfoil for two conditions. The coupled methodology was used to systematically study the effects of grid density and establish grid convergence. The effects on the icing phenomena attributable to turbulence modeling and the frequency of update of the flow field were investigated. Grid convergence was established at low Mach numbers, and it was concluded that approximately 300 points in the wrap around direction, and a normal y + spacing of 0.3 would yield grid independent results. At the higher Mach number, grid convergence could only be established in the streamwise direction. Turbulence models were found to have negligible effect on the computed flow characteristics and ice shapes for the flight conditions tested. The calculations were found to be quite sensitive to the frequency of update. Additional work is needed to better understand the fundamental physics of the ice accretion process and develop numerical models that are compatible with the CFD analyses before temporally accurate ice accretion simulations may be carried out.
I. Introduction
It is well known that the formation of ice over lifting surfaces can have a significant effect on their aerodynamic performance. In most instances ice tends to form around the leading edge of the airfoil sections, greatly affecting the acceleration of the flow around the leading edge, leading to a loss of lift compared to clean airfoil sections. Premature flow separation may occur downstream of the ice shape, giving rise to stall at a considerably lower angle of attack. The separated flow can also give rise to an increased drag force. As a consequence, the airfoil section will tend to operate at a very low L/D ratio compared to a clean airfoil section. Profile drag and skin friction drag also contribute to the total drag, which increases dramatically approaching stall. Therefore with rotorcraft it is unlikely to observe a significant loss of lift in hover or forward flight because the helicopter will run out of power first.
In the case of helicopters, this loss in lift and the increase in sectional drag forces would have a dramatic effect on vehicle performance. In hover, the loss of lift may limit the gross weight that can be safely lifted, while the increased power consumption may significantly affect the service ceiling and rate of climb. In forward flight, the occurrence of stall at relatively low angles of attack (as low as 4 to 6 degrees) will cause the pitch limits to be reached, significantly limiting the conditions where trimmed steady level flight is achievable, greatly restricting the gross weight, forward speed, and altitude of operations. In order to quantify these limitations, it is thus necessary to understand when and where ice forms over helicopter rotors for a range of ambient conditions (temperature, liquid water content) and flight conditions, and how this formation affects the aerodynamic performance of the rotor.
Over the past three decades, much progress has been made in testing and modeling ice accretion, and quantifying the effects of icing on the aerodynamic performance of airfoils wings, and rotors. [1] [2] [3] [4] [5] [6] [7] [8] [9] Stand-alone ice accretion analyses (e.g. LEWICE3D) as well as fully-integrated ice accretion/aerodynamics analyses exist for 2D airfoils and 3D aircraft configurations. It is not economical to directly employ these fixed-wing based methods to model 3D unsteady flows over flexible lifting surfaces (e.g. helicopter rotors) because of the interdisciplinary nature of rotary wing aeromechanics that calls for simultaneous treatment of aerodynamics (with and without icing), aeroelasticity (to account for blade deformations) and flight dynamics (vehicle trim). Therefore, rotorcraft designers and engineers are investigating loosely coupled approaches as a possible alternative. In this approach, the ice formation is first computed using an ice accretion analysis. The aerodynamic characteristics (lift, drag, pitching moments as a function of alpha and Mach number) are next computed using CFD tools. Finally, the resulting airfoil load tables are input in standard formats (e.g. C-81 tables for rotors) in comprehensive analyses to compute the aeromechanical behavior and performance of the vehicle. The accuracy and reliability of the airfoil load characteristics are affected by the assumptions made in computing the ice shapes. The objective of this study is to systematically examine some of these assumptions.
II. Literature Review
A number of ice accretion models are available in the public domain and as add-on packages to commercial CFD software. LEWICE3D is a U. S. Government-supported analysis and has been extensively used to predict ice accretion on airfoils. At its core it consists of four main modules. The first module involves calculation of the flow field internally, or from an external CFD analysis. In the second module, LEWICE3D calculates the particle trajectories and impingement locations. It then uses this data in the third module to complete the heat transfer and ice growth calculations. Finally it modifies the geometry with the ice build-up and steps forward in time. 10 Extensive validation efforts have clearly shown that there is good qualitative agreement between LEWICE3D predictions and experiment, especially for 2D cases at low Mach numbers and small angles of attack. 11, 12 LEWICE3D excels at predicting rime ice formation, but shows difficulty in accurately predicting glaze ice shapes. 12 Rime ice shapes are generally smooth and LEWICE3D accurately predicts the smooth shape, the ice thickness, and the impingement limits. Glaze ice shapes are characteristically rough and can result in horns. LEWICE3D has exhibited trouble with correctly predicting the size and angle of these horns. 13 This may be attributed to the fact that LEWICE3D has been shown to predict higher impingement rates between glazed ice horns than found in experiment. 14 An alternative to the Lagrangian model used in LEWICE3D is an Eulerian model used in codes such as FENSAP-ICE. [16] [17] [18] FENSAP-ICE works in four steps as well. FENSAP-ICE accepts the flow field from any Navier-Stokes CFD analysis chosen by the user. It uses an Eulerian approach to compute the collection efficiency. Next it solves mass balance and heat transfer equations at the airfoil surface in a time dependent manner. Finally it solves a conjugate heat transfer problem with an anti-icing heat flux (if an anti-icing system is present).
III. Research Objectives
Ice accretion is a process that depends on many physical variables: airfoil shape, Mach number, ambient temperature, pressure, liquid water content, and the time period over which accretion occurs. When modeling ice accretion using phenomenological models such as LEWICE3D, the analyst has many choices to make. What is the best computational grid to use? What turbulence model should be used? How often should the flow-field be updated?
The grid density in the leading edge of the airfoil has a significant impact on the predicted ice shape. The grid density at this location will affect the particle trajectories and the collection efficiency. It will also affect the predicted boundary layer characteristics, which in turn will affect the heat transfer coefficient strongly influencing the ice shape. A systematic grid density analysis is needed to establish the optimum grid density in the leading edge region of airfoils and wings for an accurate simulation of ice shapes.
Ice accretion models require that the flow properties over the airfoils be accurately predicted. At high Mach numbers and/or high angles of attack, the surface pressure distribution, the location of the leading edge stagnation point, and the particle trajectories are all influenced by turbulence models. A systematic study of turbulence models is needed to determine what role, if any, do the turbulence models and the transition models used in the CFD analysis, and the resulting flow field, play in the ice accretion process.
The ice accretion process and the flow analysis both are initial value problems that are solved by marching in time. Because ice growth is a relatively slow process compared to lift and drag evolution, it is not necessary to simultaneously integrate these two sets of initial value problems. Fluid dynamics needs to be more frequently updated especially if the icing causes unsteady vortex shedding. A systematic study of the coupling process is needed to determine how often the icing analysis and the fluid dynamics analysis need to communicate with each other during a given time of ice build-up. It is also necessary to determine if the current approaches, where the initial clean wing aerodynamics is used to supply the properties to the icing analysis, are adequate.
The objective of this study is to explore how grid density, turbulence models, frequency of ice update, and details of the coupling process affect ice accretion. Calculations are reported for a low Mach number case (M=0.29 α=6.0°) and a high Mach number case (M=0.59 α=3.0°) for the SC1095 airfoil and compared to experimental data.
IV. Solution Methodology
In the present study the following three software tools have been used: Chimera Grid Tools (CGT), OVERFLOW, and LEWICE3D. Chimera Grid Tools is a general purpose toolset of grid generation tools intended for use with OVERFLOW. OVERFLOW is an overset structured grid Computational Fluid Dynamics tool used to solve for the flow properties around the airfoil. OVERFLOW version 2.1y was used for these analyses. LEWICE3D is a program developed by NASA Glenn that models ice accretion. For these analyses version 2.1 (updated 07/15/2009) was used. LEWICE3D reads the grid and solution files output from OVERFLOW. LEWICE3D splits the airfoil into two regions (above and below the stagnation point) for each user provided section. Next, streamline trajectories are calculated at this section of interest, and the impingement rates along the streamline are found via interpolation. Finally ice accretion along the streamline is calculated using a 3D ice accretion model. In the present study, the LEWICE3D source code was compiled for use on a 64-bit Linux computer cluster using an Intel FORTRAN compiler.
A Python script has been developed that calls the necessary software modules (CGT, OVERFLOW, LEWICE3D, and middleware) at user specified time intervals and organizes their output into appropriate directories. The script allows the user to determine how many times the software modules will be called during the ice accretion process. LEWICE3D assumes that the ice accretion is a slow process, and that the streamlines and other flow characteristics will remain invariant in time during the ice accretion process. Coupling the software modules together allows LEWICE3D to be provided with an up-to-date flow field. Several FORTRAN codes have been written to allow seamless data transmission between the software modules. Figure 1 shows a schematic of the ice accretion modeling process. In Fig. 1 OF-2-LEW is a code that converts OVERFLOW grid and solution files from single block to multiblock format. FIND-ICE is a code that reads the LEWICE3D output containing the original airfoil and the airfoil with ice accretion and writes out a file containing only the surface grid points where icing occurs. This is usually only near the leading edge. GET-SURF is a code that reads the iced airfoil coordinates output by FIND-ICE and the clean airfoil coordinates and merges them to output the complete surface coordinates of the iced airfoil in Plot3D format. CGT then takes in these surface coordinates and creates a new volume grid of the iced airfoil.
It is assumed that the input parameters to the various software modules (e.g., flow conditions, time steps, turbulence model flags, number of flow iterations supplied to CFD analysis, liquid water content and ambient temperature/pressure supplied to LEWICE3D, grid spacing parameters to CGT, etc.) do not change during the iterative loop. Once the final ice shape is determined, OVERFLOW is run one last time to determine the aerodynamic load characteristics of the iced airfoil.
V. Configurations Studied
An extensive collection of data in the form of ice shapes, surface pressure distributions, and airloads are available for assessment of the ice accretion and flow simulation methodologies. [1] [2] [3] [4] [5] [6] [7] [8] [9] In the present study, the conditions shown in Fig. 2 
VI. Results and Discussion
The software modules were linked and independently tested. Because CGT, OVERFLOW, and LEWICE3D are industry standard codes that have been independently evaluated, the results presented here are only to illustrate how these software, with appropriate middleware, interact with each other.
A. Effects of Wrap-Around and Normal Grid Density on Computed ice Shapes
It is anticipated that the CFD flow field and the ice accretion calculations would be quite sensitive to the grid density of the computational grid. In the present work, the sensitivity of the solutions to the grid density in the wraparound direction and normal direction were analyzed. In the wrap-around direction, grids with 100, 300, and 500 points were tested. In the normal direction, the location of the first point off the wall was varied from 10 -7 times the chord to 10 -5 times the chord. The number of grid points in the normal direction was appropriately increased (from 59 to 87 with decreasing y + ) so that the stretching factor in the normal direction remains approximately the same. The average y + values of the first point off the wall ranged from 0.032 at 10 -7 chord normal spacing to 3.2 at 10 -5 chord normal spacing for Run 2319. For Run 711, y + values ranged between 0.06 for the finest grid to 6 for the coarsest grid. All other grid parameters and software input files were kept the same. The Spalart-Allmaras turbulence model was used. For these analyses the software modules are coupled once, meaning that LEWICE3D is invoked only once.
Grid density affects the ice accretion process in a number of ways. The calculations related to the collection efficiency rely on particle trajectory calculations, which in turn depend on the grid density and associated flow field. Secondly, the surface pressure distribution over the airfoil, and in particular, near the leading edge is affected by grid density. The pressure distribution is used internally within LEWICE3D to compute the boundary layer characteristics, skin friction distribution, and heat transfer rate distribution. Finally, if the heat transfer rate directly supplied to the ice accretion calculations, these are affected by the grid density as well. Figure 4 shows the collection efficiency (β) near the leading edge (referred to as highlight in the figures below, using LEWICE3D terminology), when the grid is refined in the streamwise direction, while Fig. 5 shows the effects of normal grid spacing. The coarser grid (100 points) showed a larger region of the airfoil lower surface over which significant collection occurs. The 300 and 500 grid point simulations are in excellent agreement with each other. The normal grid spacing had negligible influence on the collection efficiency as shown in Fig. 5 . It may therefore be concluded that the collection efficiency is insensitive to the grid spacing variations shown for both the cases. It may therefore be concluded that refinement of the grid density has only a negligible effect on the collection efficiency for the range of grid densities explored. Figure 6 shows the effects of streamwise and normal grid spacing on the surface pressure coefficients in the leading edge region. For clarity, only the upper surface distribution is shown. The leading edge stagnation point was only slightly influenced by the grid spacing. For example, for Run 2319, the leading edge stagnation point is located 3.14% downstream of the leading edge with a 100 point grid, and 2.8% downstream of the leading edge with the 500 point grid. The calculations at the lower freestream Mach number (Run 2319) showed a secondary spike upstream of the suction peak. This nonphysical spike is likely caused by the geometric definition of the blade surface in the immediate vicinity of the leading edge and the interpolation algorithms employed to enrich the surface definition. At higher streamwise densities, a more pronounced suction peak was observed for both runs. Grid convergence of the surface pressure distribution was established as the grid was refined from 100 points to 500 points. Normal grid density refinement had an even smaller influence. The effects of grid density on the heat transfer rate computed internally by LEWICE3D are next examined. Computed results are shown in Fig. 7 . Four methods are available within LEWICE3D for computing the heat transfer rate. Three of these methods use the boundary layer growth over the airfoil surface using an integral boundary layer calculation, and differ from each other on how the boundary layer edge velocity is computed. In the present work, a Bernoulli equation based option was invoked to extract the velocities. The fourth option relies on the heat transfer rates from the CFD analysis and has not been tested.
Given the small influence of the grid density on surface pressure distributions, the computed boundary layer characteristics and the heat transfer coefficient were only slightly influenced by the grid density variations as expected. Nevertheless, small variations were found. For example, the peak value of heat transfer rate varied as much as between 2748 (Run 711, 100 points in the wrap-around direction) to 3083 (Run 711, 300 points in the wrap-around direction) on the upper surface. The calculations with 500 points gave a heat transfer coefficient of 3077. Thus grid independence is established. On the lower surface, the peak value of heat transfer rate varied little, from 1946 (Run 711, 100 points in the wrap-around direction) to 1958 (Run 711, 500 points in the wrap-around direction). Calculations for the 10 -7 normal spacing case (Run 711) showed a secondary spike in the heat transfer coefficient around 0.064 chords from the leading edge. This is likely caused by oscillations in the surface pressure gradient, and has been traced to a combination of large aspect ratio cells near the wall and high stretching ratios in the normal direction, although an attempt was made to keep the stretching ratio the same for all three values of normal spacing. Figure 8 shows the computed ice shapes over the airfoil for the two runs (2319, 711) for the six grid combinations explored. Based on earlier observations concerning the collection efficiency, surface pressure distribution, and heat transfer rates, relatively small sensitivity of the ice shapes to the grid variations was anticipated, with grid convergence established as the grid is progressively refined. This was the case for five of the six grid combinations (100, 300, 500 streamwise points; 10 -5 and 10 -6 chords of normal spacing). However, the finest grid in the normal direction (10 -7 chords) gave rise to spurious spikes in the heat transfer rates for Run 711 as discussed earlier. This led to a secondary ice growth not seen in the experiments.
Based on these studies, it may be concluded that grid convergence has been established for ice accretion calculations in the streamwise direction, with 300 cells in the wrap around direction around the airfoil yielding adequate results. Grid convergence in the normal direction could not be established for the high Mach number case. The subsequent studies reported below were computed using 300 points in the wrap around direction, with the first point off the wall located at 10 -6 chord. 
B. Effects of Turbulence Model on Ice Accretion Process
Next, the choice of turbulence model on the ice accretion process was examined. The default grid (300 grid points in the wrap around direction, and 10 -6 chord normal spacing) was used. It was postulated that the choice of turbulence models may affect the computed boundary layer growth over the airfoil and indirectly both the loading and the surface pressure distribution. The loading (or circulation around the airfoil) will influence the particle trajectories and collection efficiency. Because the surface pressure distribution feeds into heat transfer calculations, the accreted ice shapes will be influenced. Figure 9 shows the collected efficiency for the three turbulence models (Spalart-Allmaras, Baldwin-Barth, k-ω-SST). Negligible differences were found. For the Run 711 case, the peak value of the collection coefficient varied between 0.940 and 0.943 near the lower surface stagnation point. For the Run 2319 case, the three models predicted a peak value around 0.902, within 0.3% of each other. As discussed earlier, LEWICE3D uses the surface pressure distribution to determine the boundary layer characteristics, skin friction, and heat transfer coefficients. Given the negligible differences in surface pressure distributions for the three models, no noticeable differences were found in the surface heat transfer rates as seen on Fig. 12 . For Run 2319, the peak heat transfer rates varied between 1651 and 1673 for the three models. For Run 711, the peak values varied between 3000 and 3017.
Given the negligible variations in collection efficiencies and heat transfer rates that are attributable to the turbulence model, the ice shapes predicted with the three models were all in good agreement with each other as seen in Fig. 12 , and all of them underestimated the size of the ice shape, particularly for Run 711. It may therefore be concluded that the choice of turbulence model in the CFD simulations has negligible effect on the predicted ice shapes at these moderate angles of attack and subsonic Mach numbers. 
C. Effects of Frequency of Update of the Flow Field on the Ice Accretion Process
Ice accretion is a slow process. As the ice builds up, the aerodynamic properties of the airfoil gradually change. The stagnation point location, streamlines, surface pressure distribution, and heat transfer rates all change during ice formation, especially at higher angles of attack, affecting the ice accretion process.
A series of calculations were done in this study to determine how often the flow field (that feeds into the ice accretion analysis) should be updated to properly account for the mutual interactions. In this research the flow field feeding into the ice accretion was updated 1, 3, or 5 times over the total accretion period. For example a case that has 60 seconds of total icing time may be split into three 20 second-long icing events. The number of updates determines how many times the iterative loop in Fig. 1 is executed. All parameters were held constant between the three coupling cases with the exception of the icing time input to LEWICE3D. The Spalart-Allmaras turbulence was used.
Most ice accretion analyses including LEWICE3D use energy and mass balances within control volumes over the surface to determine the ice shape. This approach is phenomenological and quasi-steady. Once the amount of ice that forms within each control volume over the specified time interval is known, this ice is added to the existing layer of ice in a direction normal to the surface. It is clear that as the number of updates is increased, the computed ice shapes will become more and more irregular, compared to a single shot case.
A prominent effect of the frequency of updates is on the calculation of collection efficiency. As shown in Fig. 13 below, Lagrangian approaches for collection efficiency compute this quantity as Δy 0 /Δs. If the surface, modified by successive layers of ice, has an irregular shape, rapid variations in Δs would occur leading to a highly irregular distribution of the collection efficiency. The computed distributions are shown in Fig. 14 .
The irregular shape of the ice and the associated changes in the surface curvature and slope, impact the surface pressure distributions as may be expected. With structured grid analyses, some form of smoothing is needed, and was done in this study to avoid local singularities of the grid caused by local corners with high curvature. For the high angle of attack case (Run 2319), the surface pressure distribution over the upper surface, in the vicinity of the leading edge suction peak was the most affected as seen in Fig. 15 . At the lower angle of attack (Run 711), the local oscillations in surface pressures caused by the irregular ice shape were less prominent.
Because the surface pressure gradient plays a significant role in the boundary layer growth and wall skin friction coefficient, it also dramatically influences the heat transfer rates computed in LEWICE3D as shown in Fig. 16 . Over some regions, the heat transfer rate was under-predicted relative to the single shot approach reducing the rate of ice formation. In many instances, the local equilibrium assumptions that the empirical curve fits rely on are violated. In some cases, the heat transfer rate may need to be limited to a user set maximum value in order for the coupling process to be completed in a robust manner. Figure 17 shows the how the computed ice shapes are affected by the frequency of update. The reduction in collection efficiency over portions of the airfoil surface, coupled with the reduction in heat transfer rate caused the ice shapes to be smaller in size as the frequency of updates was increased. Based on these studies it may be concluded that the frequency of updates significantly influences the predicted ice shapes. Other researchers 16 have shown similar influences of the effects of update with an Eulerian approach for collection efficiency and ice accretion. More work is needed to understand and model the fundamental physical processes before the growth of ice may be simulated in a temporally accurate manner.
VII. Conclusions and Recommendations
A state of the art CFD analysis (OVERFLOW 2.1y) has been coupled to an industry standard ice accretion analysis (LEWICE3D) and grid generator (CGT) so that temporal growth of ice over 2D airfoils may be computed in an automated fashion. Although the results presented here are for 2D applications, the coupling methodology also works well for 3D unsteady flows over bodies in relative motion. The coupled methodology was used to systematically study the effects of grid density and establish grid convergence. The effects on the icing phenomena attributable to turbulence model and the frequency of update of the flow field were investigated.
Grid convergence was established at low Mach numbers, and it was concluded that approximately 300 points in the wrap around direction, and a normal y + spacing of 0.3 would yield grid independent results. At the higher Mach number, grid convergence could only be established in the streamwise direction. This appears to be a numerical issue limited to the CFD portion of the coupled process, however. Turbulence models were found to have negligible effect on the computed flow characteristics and ice shapes for the flight conditions tested. The calculations were found to be quite sensitive to the frequency of update.
Additional work is needed to better understand the fundamental physics of the ice accretion process and develop numerical models that are compatible with the CFD analyses before temporally accurate ice accretion simulations may be carried out.
